Abstract-An analysis method for electromagnetic field coupling to microstrip line connected with nonlinear components is proposed in this paper. Different from the published work, not only the voltage and current response of the nonlinear component connected to the transmission line (TL) can be obtained, but also the power transmitted from this nonlinear component to the next one at both the fundamental frequency and harmonics can be predicted. The proposed method suitably combines the classical field-to-TL coupling theory and the nonlinear large-signal scattering parameters on the basis of a black box model in frequency-domain. Then this method is experimentally validated by a laboratory system including a microstrip line connected with a simple nonlinear component constituted by the anti-paralleled HSMS-282C Schottky diodes pair welded to a 50 Ω microstrip line. The calculated results using the proposed method show good agreement with the measured data.
INTRODUCTION
The electromagnetic environmental effects attract increasing interests of researchers and engineers as more and more wireless communication systems have been developed and applied widely. In recent years, researchers begin to pay increasing attentions to electromagnetic compatibility analysis on system level [1, 2] . The electromagnetic compatibility modeling inside an electronic system involves several big problems, such as aperture coupling, field-to-transmission line (TL) coupling, nonlinear components modeling which is necessary for circuit simulation. External electromagnetic wave can penetrate into the system through apertures or slots, and then induce current on TLs. This induced current may flow along the wires and elements in the system and cause interference. Though we can use powerful commercial software like ADS and HSPICE to simulate circuits and calculate the voltage or current on each element, it is hard to set up the electromagnetic compatibility model of the whole system illuminated by electromagnetic waves. One of the challenges is the evaluation of electromagnetic field coupling to TL connected with a nonlinear component and the prediction of the transmitted power from this nonlinear component towards the next element/device.
Classical field-to-TL coupling theory has been developed and frequently used to compute the coupling of electromagnetic fields to TLs with linear terminations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Especially, the radiated interference on printed circuit board (PCB) layout through the fieldto-TL route has become a growing concern in prediction of system reliability [15, 16] . However, nonlinear electronic components or devices are essential parts of electronic systems. It is hard to analyze the electromagnetic field coupling to TLs connected with nonlinear loads since the response of the nonlinear loads is more complicated than of linear ones. Several approaches have been developed to try to solve this problem. Tesche provided an example to illustrate the application of transient BLT equation, which is first proposed in 1999 [17] , to the external electromagnetic field coupling to a TL with nonlinear termination [18, 19] . However, it is not convenient to use for nonlinear loads where a nonlinear matrix equation should be solved first to determine the reflection coefficients in time domain [20] . The effects of nonlinear termination on the multi-transmission line in time-domain are also investigated using finite-difference time-domain (FDTD) method for dynamic nonlinear elements [21] . As we all know, large computational consumption is needed to solve such a problem using full wave analysis. Xie proposed a hybrid FDTD-SPICE method [22] to analyze lossless TLs with nonlinear or time-varying loads illuminated by a non-uniform electromagnetic, in which effective voltage and current sources are obtained first using field-to-TL coupling method after the incident fields to the lines are calculated using FDTD, and then imported into SPICE to deal with the nonlinear loads [23] . Bayram mentioned nonlinear loads in the hybrid S-parameters method used for field-to-TL coupling [24] , but again the nonlinear loads had to be handled by HSPICE or ADS.
In these methods mentioned above, nonlinear components are handled as the terminal loads of the TL, namely, a one-port network. However, in the real electronic system, nonlinear components or devices sometimes connect with other components or TLs, working as twoport or multi-port networks. How to model such a system and get the output power from the nonlinear components is still a big challenge. It is often too complex to permit complete EMC simulation at the device level of description. A complete system simulation can become practical, however, provided that the models of the nonlinear blocks or ICs are given [25] . Therefore, a more applicable model, which can be combined conveniently with field-to-TL coupling theory and S-parameters of linear components, is necessary for nonlinear components. Though the nonlinear large-signal scattering parameters based on the black box model in frequency-domain [26] can be used to model nonlinear networks, much efforts are necessary to combine this model with field-to-TL coupling theory properly. The goal of this paper is to develop an analysis method for electromagnetic field coupling to microstrip line connected with nonlinear components and then obtain the output power from this nonlinear component towards the next element. The proposed method builds upon the classical field-to-TL coupling theory and nonlinear large-signal scattering parameters, and skills for combination of these two models are considered. In the following, the complete analysis method is presented in Section 2. The predicted results from the proposed method and experimental validation are provided in detail in Section 3 and we summarize our work briefly in Section 4.
MODELS AND BASIC PRINCIPLES
The classical field-to-TL coupling model is usually applied to calculate the voltage and current induced along the line or on linear loads. If a nonlinear component is connected to the line not as a termination, as a result, the output from the nonlinear component will influence the response of the next component. In order to analyze such a case, the nonlinear large-signal scattering parameters based on the black box model in frequency-domain are used to describe the nonlinear component or devices. With this model, whatever the nonlinear component, device and even subsystem are, all can be described concisely by a scattering parameters matrix [27] .
Field-to-transmission Line Coupling Theory
Microstrip lines are taken into consideration here due to their popular applications in microwave system. Three models proposed by Taylor, Agrawal and Rachidi respectively all can be used to describe the field interaction with TLs, and the total induced voltage waveforms obtained using them are identical [28] [29] [30] . The Taylor model is used here, because the total current and voltage induced on the line are expected in order to get the response of the linear/nonlinear component connected with the line. The external field results in a forcing function expressed in terms of the exciting magnetic and electric flux. This forcing function (source terms) are included as a set of distributed series voltage and parallel current sources along the line. Consequently, the TL equations are described as (1a) and (1b).
where the distributed voltage and current source excitation terms v s and i s for the microstrip line structure can be written as (2a) and (2b), and the per-unit-length inductance L and capacitance C are defined as (3a) and (3b) [31] .
where the "primary" fields (E p , H p ) are defined as the field excited by the incident electromagnetic wave in the presence of the ground plane and the dielectric substrate and in the absence of the metal strip. The "secondary" fields (E s , H s ) are the field scattered by the microstrip conductor when excited by the "primary" field and in the presence of the ground plane and the dielectric substrate. Note that the TL approximation (or the quasi-TEM assumption) is used in these filed-to-TL coupling models. This approximation is mainly limited by the condition that the transverse dimensions of the line and its return path (essentially the line height) should be much smaller than the minimum significant wavelength of the exciting electromagnetic field λ min , which corresponds to a cutoff frequency. Beyond that, higher modes may be excited and the classical models are not suitable for such a problem. As a result, the high-frequency field-to-TL coupling theory should be used [28] . This, however, is beyond the scope of this paper.
Nonlinear Components Modeling
The nonlinear large-signal scattering parameters, which are based on the black box model in frequency-domain, are used to describe the characteristics of nonlinear devices or circuits [26] . Nonlinear largesignal S-parameters can be defined as ratios of the reflected and incident wave variables of each port [32] , including the fundamental and harmonic components of the input and output signals since energy can be transferred to other frequencies in a nonlinear device. Note that the nonlinear S-parameters can be used to describe any nonlinear Nport network. If harmonic components up to mth order are taken into consideration, the nonlinear S-parameters will be a (N × m) 2 matrix. In this paper, for the nonlinear component used in the following experiments, the power of harmonics greater than 3rd are much less than that of the third harmonic and can be neglected. Therefore, a two-port network with harmonics up to 3rd, as shown in Fig. 2 , is Figure 3 shows a flow chart to illustrate the mechanism of the proposed method in detail. First the induced voltage and current along the line are calculated using the field-to-TL coupling theory. If a nonlinear component is connected to the line, the equivalent impedance Z eff should be obtained in advance in order to solve the TL equations, because it varies in terms of the power input to the nonlinear component. As a result, the induced voltage and current along the line change accordingly. That will be discussed in detail later.
Based on the induced voltage and equivalent impedance, the power of the incident wave to the nonlinear component is achieved. Then the nonlinear S-parameters of the nonlinear components are extracted by experiments. Based on these S-parameters and power of the incident wave, the output power from the nonlinear component can be predicted. Note that the nonlinear S-parameters based on the black-box model can describe any nonlinear elements or devices. Consequently, the proposed method has a good applicability as long as the necessary S-parameters of nonlinear components/devices are known. An example for extraction of nonlinear S-parameters using experiments is described in the following. Figure 3 . The flow chart of the proposed method.
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Extraction of Nonlinear Large-signal Scattering Parameters
In this part, an example is presented to show how to extract the nonlinear S-parameters. A single-tone signal at frequency 2.5 GHz excites the nonlinear component, and the power of reflected and transmitted waves are measured using two broadband spectrum analyzers (∼ 26.5 GHz) respectively. The transmitted power is measured directly, while the reflected wave is sent to the spectrum analyzer through a directional coupler with coupling of 20 dB, and it makes the measurement difficult if the reflected power is very small. The power of the fundamental and harmonic components in the reflected and transmitted waves is measured as the input power varies from −5 dBm to 18 dBm gradually. The amplitudes of four parameters in S-matrix are extracted and results are given in Fig. 6 .
Those measured results include only the fundamental and the third harmonic components, while the second harmonic component cannot be detected because the even harmonic components circulate within the loop formed by the two anti-paralleled diodes [33] . Although fifth harmonic can also be observed on spectrum analyzer but its power is far less than the third harmonic. The reflection and transmission of both the fundamental and third harmonic components vary nonlinearly in terms of the input power in Fig. 6 . Especially, the power of the fundamental component is much larger than that of the third harmonic ones. For further inspection of Fig. 6 , the transmitted power is larger than the reflected one for the fundamental component, but just the opposite for the third harmonic. Here the reflected power of the third harmonic component can be detected only when the input power is greater than 7 dBm, because the reflected wave is attenuated by 20 dB due to the directional coupler before measured using spectrum analyzer.
Using the field-to-TL coupling model mentioned previously, the voltage and current induced along the microstrip line can be obtained and then the power transmitted to the component connected with the line can be calculated. Combined with the nonlinear large-signal S-parameters, we can predict the output power of fundamental and harmonic components from the nonlinear component towards the next element.
RESULTS AND ANALYSIS
The validation of the results obtained from the proposed analysis method is supported by experimental data measured on a laboratory system, as shown in Fig. 7 . A TEM cell is used to generate a relatively uniform electromagnetic field, and a 40 mm long 50 Ω microstrip line printed on a 1 mm thick substrate with relative dielectric constant of ε r = 2.65 is placed vertically inside the cell. Correspondingly, the incident angle θ in Fig. 1 is 0 • , and the angle between the incident plane and XOZ plane φ is 90 • . The microstrip line is terminated with a matched load at end A and connected to the nonlinear component (mentioned in Section 2) at the other end B (see Fig. 7 ). To make sure that only this ordinary microstrip line is illuminated by the electromagnetic field, the nonlinear component is placed outside the cell through a hole. The cell is excited by a microwave source, and the output power from the nonlinear component P out is measured using a broadband spectrum analyzer.
First, the electromagnetic field coupling to the microstrip line connected to a matched load at the end B are computed using the field-to-TL coupling theory mentioned in Section 2. Fig. 8(a) shows an example of the voltage and current distribution along the line with the input power P in = 30 dBm. Here the field distribution inside the cell is obtained using FDTD method. Then the power transmitted to the load is calculated using these induced voltage and current. Fig. 8(b) displays the comparison between the calculated results and measured ones, and there is a good agreement between them. Obviously, the power coupled to the line increases linearly as the input power from the source rises.
Once the power transmitted to the load is obtained, the nonlinear S-parameters are used to get both fundamental and third harmonic output power P out from the nonlinear component according to Eq. (4). Because the nonlinear component is connected to the broadband spectrum analyzer (namely, a matched load), there is no incident power at port 2 at all. Consequently, Eq. (4) is simplified as the following Eq. (6), by which the reflected power at the port 1 and transmitted power at the port 2 can then be calculated. The necessary four parameters in the dashed box have already been extracted through measurements and the rest two |S 21 11 | and |S 21 21 | are zero, since there is no second harmonic response at both ports, as mentioned in Section 2.
A question deserving more attention is that the induced voltage and current distribution highly depend on the incident electromagnetic wave and the loads at both ends of the TL. However, the equivalent impedance of the nonlinear component usually varies in terms of the power input to it, which results in the power transmitted to it changing accordingly. Therefore, the equivalent impedance Z eff of the nonlinear component in terms of the input power is simulated using ADS, and results are shown in Fig. 9 . The maximum transmitted power to matched load due to the induced voltage and current on the line is (b) (a) Figure 11 . Comparison between the measured and predicted output power of (a) the fundamental and (b) the third harmonic components.
13.6 dBm (see Fig. 8(b) ), so the maximum input power to the nonlinear component is set to be 16 dBm here. Figure 10 presents the induced voltage and current distribution along the microstrip line calculated using the effective impedance, when the excitation power is the same as in Fig. 8(a) . It can be observed that the voltage and current distribution is different much from that along the line terminated with a matched load.
Finally, the output power from the nonlinear component is predicted based on nonlinear S-parameters and the input power calculated using the induced voltage and current. Comparison between the measured results and predicted ones is shown in Fig. 11 . The prediction agrees closely with the measurement, which demonstrates the validation of the proposed method. Furthermore, the output power of both fundamental and third harmonic components varies nonlinearly as the input power from the microwave source rises.
It is noteworthy that electromagnetic wave is reflected from the nonlinear component back to the ordinary microstrip line, not only at the fundamental frequency, but also at the third harmonic. As mentioned previously, the ordinary microstrip line is terminated with a matched load at port A, and therefore the power of the reflected wave is absorbed. However, this reflected wave (especially the harmonic component) may cause other problems in a real electronic system.
CONCLUSIONS
An analysis method for electromagnetic field coupling to microstrip line connected with nonlinear components is proposed in this paper. The classical field-to-TL coupling theory (Taylor model) is used to get the response of a microstrip line illuminated by electromagnetic wave, while nonlinear components or devices are modeled by largesignal scattering parameters which are based on the black box model in frequency-domain. Then the electromagnetic field coupling to microstrip line connected with nonlinear components is analyzed by combining these two models together properly and considering the equivalent impedance of the nonlinear component. The predicted results using the proposed method are in good agreements with measured ones. Although the nonlinear component used in this paper is not a practical circuit like a mixer or low noise amplifier (LNA), the proposed method is appropriate for all the nonlinear devices or ICs, due to its basis on the black box model.
